Introduction
One of the larger mass extinctions in Earth history happened during the Frasnian-Famennian (F-F; Late Devonian) transition. It concerned mostly shallow-water organisms living in warmer environments, foremost reef-builders (Rugosa and Tabulata cap corals, stromatoporoids) as well ammonoids, tentaculites, conodonts, placoderms and brachiopods (e.g. Hallam and Wignall 1997; McGhee 2013) . The Late Devonian extinction has been recently interpreted as a "biodiversity crisis" caused by speciation rate collapse rather than a classic "mass extinction" (e.g. Racki 2005; Becker et al. 2012; Gereke and Schindler 2012) . This crisis is related mostly to sea level changes (e.g. Hallam and Wignall 1999; Stigall 2012) or climate variations (Joachimski et al. 2009 ); however, the main reasons are still unclear. In Europe, the F-F extinction event is recorded usually as a series of black limestones called the Kellwasser, which are associated with anoxia (e.g. Buggisch 1991; Joachimski et al. 2001; Marynowski et al. 2011) . Relationships between anoxia, sea level changes and the F-Fichnological approach, as those occurring at the Toarcian Oceanic Anoxic Event (T-OAE; Rodríguez-Tovar and Uchman 2010; Rodríguez-Tovar and Reolid 2013; Reolid et al. 2014) , the Cenomanian-Turonian boundary (Uchman et al. 2008 (Uchman et al. , 2013a Rodríguez-Tovar et al. 2009a, b; Monaco et al. 2012) , or the Oligocene-Miocene (Kotlarczyk and Uchman 2012) . Much less is known about ichnology of the F-F transition. Buggisch (1991) only mentioned the laminated, unbioturbated deposits on the F-F boundary. Bond et al. (2004) reported bioturbated sediments, "microburrows" and "larger, wispy burrows" in the Famennian of the Kowala section in the Holy Cross Mountains in Poland (studied in this paper). Wang et al. (2006) presented an assemblage of trace fossil as a record of recovery through the Famennian in South China. Haddad et al. (2013) and Boyer et al. (2014) focused on ichnology and geochemistry of the boundary interval in the USA. The latter authors described a trace fossil assemblage dominated by deep-tier, pyritized Skolithos and Chondrites, beside as less abundant Thalassinoides close to the Upper Kellwasser interval. Stachacz and Uchman (2012) presented preliminary results of ichnological studies of the F-F interval of the Holy Cross Mountains in Poland, which are developed in this paper.
The Holy Cross Mountains in Central Poland offer two important sections of the Frasnian-Famennian transition at Kowala and Płucki ( Fig. 1) , where black, anoxic sediments, referred to the Upper Kellwasser, crop out. They are the target of a "bed-by-bed" ichnological analysis, from which the results and discussion are presented in this paper.
Earlier geochemical studies of the Kowala section show general oxygen deficiency near the sea floor during the F-F transition (Joachimski et al. 2001; Bond et al. 2004 ). More complex oxygenation changes are referred to the high total organic carbon (TOC) content at the F-F boundary interval, which is interpreted as a result of a higher input of organic matter .
Geological setting

General remarks
The study area is located in the southern part of the Holy Cross Mountains called the Kielce Region (Fig. 1) , which is a surface part of the Małopolska Block (e.g. Buła 2000; Cocks and Torsvik 2005) . Late Devonian sedimentation took place here on an extensive shelf in the marginal part of the Laurussia palaeocontinent (e.g. Joachimski et al. 2001; Racki et al. 2002; Marynowski et al. 2011 and references cited therein). The Kowala section is in an active large quarry located south of Kielce, while the Płucki section is available in a small, abandoned quarry located north-west of Płucki (Figs. 1, 2) .
The Upper-Middle Devonian (Frasnian) in the Kielce Region of the Holy Cross Mountains is developed as a series of shallow water, stromatoporoid-coral reef limestones (Dyminy Reef), which are 330-800 m thick (Narkiewicz et al. 1990 ). The reefs rimmed the northern margin of the carbonate shelf of the Małopolska Block and formed a distinct positive relief in this part of the basin, while the Łysogóry Basin located to the north was much deeper (Narkiewicz 1988) . Generally, the Late Devonian reefs stretched along the southern margin of Laurussia (e.g. Copper 2002) . The reefs were almost totally flooded at the end of Frasnian (Racki 1990) . As a result, they are capped by pelagic limestones, marlstones and shales of the Famennian, which are interpreted as turbidite fed from eroded parts of the carbonate platform located between the southern Chęciny-Zbrza Basin and the Łysogóry Basin to the north (Joachimski et al. 2001) . The F-F boundary interval usually occurs in this area as a thick series of limestones interbedded by marlstones, marly or silty shales (e.g. Joachimski et al. 2001; Racki et al. 2002; De Vleeschouwer et al. 2013 and references cited therein). The so-called Lower Kellwasser and Upper Kellwasser can be distinguished within such lithology in the Płucki section, while in the Kowala quarry section these horizons are difficult to recognize (cf. Racki et al. 2002) . The boundary interval in the Kowala quarry mainly consists of grainstones and micritic limestones which contain two or three layers of nodular cherts (Joachimski et al. 2001; Figs. 5, 6) . Geochemical records from this locality, especially TOC, show two maxima that could be related to the two Kellwasser episodes (Joachimski et al. 2001 ). According to the cited authors, the stratigraphically lower TOC maximum corresponds with the Lower Kellwasser horizon, while the basal part of the upper TOC maximum coincides with the Upper Kellwasser horizon. The upper part of the upper TOC maximum is about 8 m above the F-F boundary, within the H-3 unit (Joachimski et al. 2001 ). In the same Kowala section, Racki and Baliński (1998) and Racki et al. (2002) noted benthic biota extinction and biotic switch from mostly calcareous benthos and plankton to silicisponges and radiolarians at the transition from the unit H-2 to the unit H-3, just below the F-F boundary. According to Filipiak (2002) , there are no important changes in assemblages of marine palynoflora below and above the F-F boundary; however, more diverse palynofacies around this boundary may be a result of eutrophication. The Upper Kellwasser horizon corresponding to the F-F boundary crops out in the Płucki section, where it was examined for this study (Fig. 2) . The section is composed of micritic limestones and marls, in which the F-F boundary is recognized within a medium bed of cephalopod limestone Szrek and Ginter 2007) . A distinct benthic fauna crisis was documented in this section by Racki and Baliński (1998) and Olempska (2002) .
Outcrops studied
Płucki outcrop
In a small pit, 1 km NW of Łagów (Fig. 1) , an approximately 5-m-thick section of carbonate-siliciclastic rocks is exposed (Fig. 3) . The lower part of the section, about 1.5 m thick, mostly consists of marlstones interbedded with rare beds of silty shale. Primary horizontal lamination is dominant both in marlstones and in silty shales; however, some marlstone beds are slightly bioturbated, showing spotted and less commonly mottled fabrics and then partly disturbed laminations. The bioturbational structures are usually tiny, up to 3 mm. A large number of beds in this part of the section contain the trace fossil Trichichnus isp., which is visible in cross section as numerous minute ferruginous spots with a halo (Fig. 6 ). The upper part of the section is composed mostly of laminated or massive, micritic limestones and less commonly slightly bioturbated limestones. The base of this part contains two beds of corroded limestones: the higher one represents the Upper Kellwasser horizon (Janiszewska et al. 2007; Szrek and Ginter 2007) . This bed contains numerous poorly preserved goniatites, clymenids, nautiloids, brachiopods and rare trilobites. Racki et al. (2002) distinguished a pure limestone unit (Unit C) which includes strongly bituminous cephalopod limestone layer at the bottom part, followed by a thin coquina intercalation, and then rhythmically bedded, unfossiliferous marly limestones and shales with brachiopods at the topmost part. Moreover, Bond et al. (2004) recognized the bivalve aff. Buchiola sp., entomozoacean ostracoda and homoctenids. Only some beds of limestones contain Trichichnus isp. The beds above and below the Upper Kellwasser horizon are usually also partly corroded and contain numerous corroded clasts and nodules (Fig. 6d) . The limestone beds are rarely interbedded with thin beds of silty shales (Fig. 4) . One specimen of the trace fossil ?Curvolithus isp. has been found about 60 cm under the F-F boundary (Fig. 7f ).
Kowala quarry
This is an active quarry is located 5 km SW of Kielce (Fig. 1) . The Frasnian-Famennian boundary interval is cropped out on the north-eastern wall of the quarry, on the two lowermost exploitation levels ( Fig. 2) , where lateral changes in lithology have been observed during the study in the years 2011 , 2012 (cf. Racki et al. 2002 . The lower part of the interval is composed of talus rudstone beds containing mostly fragments of stromatoporoids and Rugosa corals. In previous studies of this lower part, a mostly rhythmic, marly succession was subdivided into the H1 and H2 units Vishnevskaya et al. 2002) or the units 4 and 5 (Bond et al. 2004 ). These units were recognized-May 2012 and September 2015, which are recently represented by thick beds of bioclastic limestones. This is explained by the lateral facies changes which are exposed by the progress in exploitation and removal of the previously observed rocks within the active, large quarry. Above the lower part, an approximately 1-m-thick series of laminated, in places "spotted," limestones, which contain abundant Trichichnus isp. and other, sparse non-identified bioturbational structures (Figs. 4, 7, 8) , is observed. The limestones, in the interval located 150-260 cm above the rudstones, contain three beds of micritic limestones with a 3 or 4 horizons of flints (Fig. 5) . The third bed contains two flint horizons (Fig. 6d) , where according to bibliographical data in previous studies (e.g. Joachimski et al. 2001) , the Frasnian-Famennian is recognized. Above this bed, laminated, non-bioturbated beds of limestones and marlstones crop out. A characteristic, laminated bed of marlstone with corroded, bioturbated nodules and pyrite concretions and impregnation occur about 50 cm above the F-F boundary. A metre above the boundary, beds of marlstones display primary lamination, partly disturbed by unidentified bioturbational structures (Fig. 6g ). Higher up (few decimetres to 1.7 m), bioturbated marlstones and limestones contain numerous trace fossils-small Multina isp. and ? Planolites (Figs. 6h, . Fluctuating content of carbonates and strong lateral lithological changes are characteristic features of this part of the section. A few horizons, especially 0.5-1 m above the F-F boundary, show numerous corroded carbonate clasts and nodules within shales, marlstones or silty shale, which are laterally partly replaced by dissolved limestone.
Trace fossils assemblages and bioturbational structures
Both, the Kowala and Płucki sections show numerous beds which contain abundant Trichichnus isp., characteristically in the uppermost part of the Frasnian (Figs. 3, 4, 5, 6, 7, 8) . The largest number of Trichichnus isp. occurs in laminated limestones usually without other trace fossils or bioturbational structures (Figs. 6b, 8) . Trichichnus is visible as reddish or brownish, ferruginous or pyritized threads and spots. They are generally isolated, 0.5-1.2 mm in diameter, in the Płucki section with distinct brighter halo, which is up to 5 mm in diameter. The outer margin of the halo is 1 3 Fig. 3 Log of the Frasnian-Famennian boundary interval with Kellwasser bed in the Płucki section. The curves of the oxygenation on the sea floor based on presence or absence of the trace fossils and bioturbation structures, not to scale 1 3 diffusive. Determination of the length of Trichichnus visible in surfaces of cut slabs is difficult; the longest observed fragment attains a length of about 20 mm. Other trace fossils are generally absent or their state of preservation does not permit a closer determination; however, some of them can be reservedly assigned to Multina isp. and ?Planolites isp. (Fig. 7g-l) . Both mentioned trace fossils are visible only in fractured or polished surfaces. Multina in cross section is visible as spots and short, branched and unbranched stripes. Series of cuts allow an insight in their 3-D morphology. They are endichnial, horizontal, oblique and vertical thin, tubular, branched strings, which are unlined, about 0.3 mm in diameter and filled with material of different colours than the host rock. The branched strings form irregular polygons, which show many crossings at different levels that formed a 3-D network (Fig. 7g-l) . Specimens of ?Planolites isp. are visible as subcylindrical rollers of 0.4 mm in diameter (Fig. 7k-l) . Only one specimen of ?Curvolithus isp. from the Płucki section is visible as an epichnial ribbon, about 40 mm wide, with a distinct bevel on the one side (Fig. 7f) . Its state of preservation does not permit a closer determination. Clearly visible but undetermined bioturbational structures occur only within a very few beds. They are represented by irregular, straight or slightly curved stripes up to 5 mm long on the cut surfaces (Fig. 6g) . However, most of the slightly bioturbated beds show only indistinct spotted or mottled ichnofabric (Fig. 6c, g, h) .
Discussion
Trace fossil assemblage at the Frasnian-Famennian transition in Central Poland
Comparative analysis of the Frasnian-Famennian boundary interval in the studied sections at the Kowala Quarry and the Płucki outcrop shows similar features, such as variable carbonate content, lateral lithological changes and the presence of horizons with the abundant ferruginous or pyritized trace fossil Trichichnus isp. However, detailed ichnological analysis through the F-F transition reveals significant differences, which are as follows:
1. in the Upper Frasnian of the Kowala section, below the F-F boundary, numerous laminated, unbioturbated, limestone beds are punctuated only by the presence of several intervals with abundant Trichichnus, while the Płucki section is dominated by bioturbated beds (frequent Trichichnus and rare, undetermined bioturbational structures), with a few unbioturbated intervals; 2. at the F-F boundary, similar ichnological features are present in both sections, generally manifested by the Kowala section, while unbioturbated beds with only rare record of Trichichnus, ?Curvolithus or undetermined bioturbational structures are present in a thick interval above the boundary in the Płucki section.
The significant differences in composition and distribution of trace fossils and bioturbational structures in the F-F boundary intervals of the two studied sections could be related to a different incidence of the Upper Kellwasser epichnion on medium bed of marls. g-l Multina (M) and Planolites (P) in sections, Kowala; g-j vertical cut; k, l horizontal sections; distances between neighbouring cut ca. 0.3 mm 1 3 event in the regional depositional setting. The Devonian sediments of the Holy Cross Mountains were deposited in a 600-km-wide shelf, showing palaeogeographic and topographic variations. The Kowala section corresponds to a shallower, intrashelf depositional setting (Chęciny-Zbrza Basin) near the Dyminy Reef, while sediments of the Płucki section were deposited in the deeper Łysogóry Basin (e.g. Racki et al. 2002) . These different depositional settings could determine a variable incidence of the palaeoenvironmental changes affecting macrobenthic tracemaker community prior, during and after the Upper Kellwasser phenomena, and thus the different ichnological record. Thus, in the Kowala setting deterioration of the macrobenthic tracemaker environment took place earlier (prior to the Upper Kellwasser event), but also the recovery was comparatively earlier after the event, while in the Płucki section, the ichnological data point to a depauperated environment that appeared nearly simultaneously with the Upper Kellwasser event and persisted for longer after the event.
Oxygenation/productivity changes at the Upper Kellwasser event
Previous integrative analyses of the Frasnian-Famennian boundary interval in the Holy Cross Mountains mainly focused at the Kowala section, referred to changes in oxygenation and productivity as the main environmental factors during the Upper Kellwasser event (e.g. Joachimski et al. 2001; Girard and Lécuyer 2002; Pujol et al. 2006; Borcuch and Rakociński 2007) . The analysis of V/Cr ratios, with values of 0 about 2.5 m below the F-F boundary, 6 at the F-F boundary, and 18 about 8 m above this boundary (Joachimski et al. 2001) , clearly points to anoxia after this boundary. The V/Cr ratios >5 in a few spots below the F-F boundary point anoxia also before this crisis. However, a later study shows different values of V/Cr ratios (0.25 at the F-F boundary and 2.25 tens of centimetres above the boundary) and suggests general dysoxia and the absence of a permanent anoxia at the F-F boundary transition . The lowering in oxygenation just above the F-F boundary in the Kowala section is indicated by the Ce anomaly (Girard and Lécuyer 2002) . However, the anoxia during the Kellwasser episodes was intermittent, perhaps seasonal, not permanent and cited references therein). A cyclic model of anoxicdysoxic-weakly oxic conditions during the Late Devonian accompanied by mass occurrences of cyanobacterial mats which colonized the oxygen-deficient sea floor was proposed by Kaźmierczak et al. (2012) . Similar, anoxicsuboxic-oxic environments based on pyrite framboid size and cyanobacterial mats on the sea floor around the F-F boundary at Kowala were interpreted by Marynowski et al. (2011) . Complete absence of bioturbational structures in the Lower and Upper Kellwasser beds in Germany suggest anoxia (Buggisch 1991) . Ichnological data obtained in the present study generally agree with the interpretations by Buggisch (1991) and Joachimski et al. (2001) , but they bring a more precise picture of the oxygenation changes. Trichichnus, probably produced by opportunistic chemosymbionts (Uchman 1995) , is typical of poorly oxygenated deposit (McBride and Picard 1991) , especially if it occurs as the only trace fossil (Kotlarczyk and Uchman 2012) . Recently, Kędzierski et al. (2015) proposed that the ichnogenus Trichichnus is a structure of fossil bioelectric bacterial activity at the oxic-anoxic interface in the sea floor. The disappearance of brachiopods (Racki and Baliński 1998) , and benthic ostracods (Olempska 2002 ) about the F-F boundary, confirms oxygen deficiency. However, other causes, such as a drastic decrease in temperature, which is evidenced by δ 18 O, have been also invoked (Joachimski and Buggisch 2007) .
The above-presented variations in composition and distribution of trace fossils, bioturbational structures and laminated intervals could be associated with fluctuations in oxygen conditions from anoxic (laminated) to strongly dysoxic (horizons with Trichichnus) and dysoxic (spotty and mottled ichnofabrics, with Multina and ?Planolites). The presence of stromatoporoids and corals point to good oxygenation during the Frasnian. In detail, the interpretation is as follows:
1. below the F-F boundary, the Kowala section shows V/ Cr values close to 0 reflecting oxic conditions and then numerous, minor, changes (values of 0-0.8) associated with fluctuations between oxic and anoxic conditions close, from around 100 cm below, to the boundary ; this agrees with the presence of several intervals with Trichichnus alternating with unbioturbated, non-laminated or occasionally laminated limestone beds. In the Płucki section, V/Cr values are similar to oxic levels below the F-F without marked fluctuations . This could be correlated with the general dominance of bioturbated beds (Trichichnus and undetermined bioturbational structures) separated by a few thinner, unbioturbated intervals, which suggest the existence of minor fluctuations in oxygenation; 2. at the F-F boundary, important changes in V/Cr values are recognized in both sections revealing impoverishment in oxygen conditions . They are especially marked in the Płucki section with values favouring the interpretation of anoxia (Bond et al. 2004) , while the Kowala section represents fluctuations between oxic and dysoxic or anoxic conditions (Joachimski et al. 2001) . This pattern agrees with the general absence of trace fossils in both sections, around the F-F boundary at Kowala and in coincidence with this boundary at Płucki. Moreover, δ 34 S and δ 13 C clearly point to anoxia on the sea floor as a result of an increase in organic carbon deposition and reduction of sulphur (Buggisch 1991);  3. above the Upper Kellwasser level, V/Cr values reveal a relatively rapid improvement of oxic conditions in the Kowala section, and a prolonged deterioration in oxygenation maintained in the Płucki section (suboxic-anoxic; Racki et al. 2002) . These improvements in oxic conditions correspond well to the appearance of Multina or ?Planolites some centimetres above the F-F boundary in the Kowala section. However, the dominance of unbioturbated beds, with only local appearance of Trichichnus, a possible single specimen of ?Curvolithus or undetermined bioturbational structures in the Płucki section still suggests prevailing anoxic conditions, as was also interpreted for the water column based on the previous geochemical studies (Joachimski et al. 2001 ).
Thus, ichnological data confirm the fluctuations on the sea floor oxygenation and their influence on the macrobenthic tracemaker community during the Upper Kellwasser event. Fluctuations in oxygenation before the F-F boundary and during the Upper Kellwasser event were possible. This is suggested by the presence of unbioturbated horizons between bioturbated beds. However, a bed of bituminous, cephalopod limestone in the Płucki area, interpreted as the Lower Kellwasser, has been recognized ca. 60 m below Szrek and Ginter 2007 ) the Upper Kellwasser. Similarly, beds with TOC maximum in the Kowala section, corresponding to the Lower Kellwasser event, are recognized about 15 m below the F-F boundary (Joachimski et al. 2001; De Vleeschouwer et al. 2013) . Our interpretation of oxygenation changes close to F-F boundary corresponds rather to the early Upper Kellwasser event. However, the absence of a high-resolution biostratigraphy precludes a more precise interpretation. Together with the generally oxygen-deficient lower water column during late Frasnian and early Famennian, TOC analysis in the Kowala section shows two maxima across the Frasnian-Famennian boundary transition correlated with the Lower and Upper Kellwasser events (Joachimski et al. 2001) . These enhanced TOC concentrations were explained by a higher primary productivity (higher photoautotroph production) that could be associated with a higher supply of continentderived nutrients (Joachimski et al. 2001; Filipiak 2002; Kazmierczak et al. 2012) . However, Riquier et al. (2006) proposed two different mechanisms responsible for oxygen deficiency during sedimentation of the Lower and Upper Kellwasser: the first one can be a result of an increase in productivity in shallow-water environments, while the second is caused by a development of eutrophic conditions in the basin.
Variations in productivity could be also envisaged based on the obtained ichnological data. Low-oxygenated bottom water and pore water combined with organic-rich sediments 1 3 probably induce potentially ideal conditions for chemosymbiotic activity, favouring the presence of Trichichnus tracemaker (e.g. Löwemark et al. 2006 ). According to previous papers (e.g. Racki et al. 2002; Pujol et al. 2006; Winter 2015) , organic matter production as well as oxygenation was controlled by tectono-magmatic processes (volcanism, hydrothermal phenomena) in enrichment in metals and nutrients and the lowering of the oxygenation during deposition of the Kellwasser horizons.
Trace fossils and the Upper Kellwasser event worldwide
Previous ichnological analyses focusing on the FrasnianFamennian transition are comparatively scarce (Stachacz and Uchman 2012; Haddad et al. 2013; Boyer et al. 2014) . Boyer et al. (2014) , based on a detailed ichnological and geochemical analysis in the western New York State (USA) interpreted long-term environmental perturbations, rather than a geologically instantaneous onset of anoxia as the causal mechanism of the extinction during the Upper Kellwasser event. Ichnological data support a rapid deoxygenation event below the horizon traditionally interpreted as the Upper Kellwasser anoxic interval, in the so-called precursor black shale bed (PBSB), then an increase in oxygen levels (not fully oxygenated), characterized by a shallow Chondrites-dominated assemblage, followed by a gradual decrease in the oxygen levels into the Upper Kellwasser black shale interval. These conditions are maintained for a relatively long period of persistent oxygen stress (but not persistent anoxia, as reflected by the presence of smaller tracemakers but excluding larger burrowing organisms) through this interval, and then rapidly shift to oxygenated environment above the Upper Kellwasser interval, as revealed by the appearance of the large Thalassinoides (Boyer et al. 2014) .
Comparing the studied sections form Central Poland and these from New York State, in both cases, scarce and low-diversity trace fossil assemblages are present in the Frasnian-Famennian transition interval, which are dominated by small burrows, including Chondrites in the New York State, and Trichichnus in Poland; in both cases reflecting lowered oxygen conditions. Prior to the F-F transition interval (the Upper Kellwasser event), the PBSB recognized in New York State could be correlated with the record of unbioturbated, laminated or black, bituminous cephalopod limestone beds in Central Poland. Larger structures, such as Thalassinoides or Planolites/?Chondrites, reveal a return to better oxygenated conditions after the Upper Kellwasser event. In New York State, neither a rapid deoxygenation at the Upper Kellwasser event nor a persistent anoxia is interpreted, but a gradual decrease in oxygenation to dysoxic/suboxic levels. This pattern is similar to that occurring in the Kowala section, with low-oxygen conditions prior to the Upper Kellwasser event, then maintenance of dysoxia, followed by the improvement in bottom water oxygen conditions in a comparatively short time after the event.
In short, this comparison confirms the generalized incidence of fluctuating oxygen conditions associated with the Upper Kellwasser event, affecting the macrobenthic tracemaker community in a global scale. However, it is necessary to emphasize that the macrobenthic tracemaker community shows not a unique pattern, but a variable response, prior, during and after the event. In the case study from Poland, the presence of non-bioturbated, laminated intervals, allowing interpretation of anoxic conditions is a significant feature. This minor difference in comparison with New York State could be associated with local signals, caused, for instance, by variable topography and/or ocean dynamics, which may control duration and intensity of the oxygen deficiency. It might be worth noting that while there are predictable differences in the signals, overall they are quite similar, which speaks to a global scale driver rather than something local. This seems an important point to pull out of these comparisons.
Conclusions
1. The laminated, non-bioturbated beds of marlstones or shales, usually with pyrite above Frasnian-Famennian boundary, indicate anoxia on the sea floor just after the F-F event. However, the anoxic event occurs earlier than the F-F, as recorded by a bed of laminated limestone. 2. The increase in abundance of trace fossils and bioturbational structures in some beds above the F-F boundary is interpreted as an increase in bottom water oxygen levels. 3. Low ichnodiversity suggests an unfavourable environment for the most burrowing organisms. In this general context, the presence of laminated intervals, horizons with opportunistic Trichichnus, and only spotty and mottled ichnofabrics, with the larger trace fossils Multina or ?Planolites, allows the interpretation of fluctuations in oxygenation from anoxic, strongly dysoxic and dysoxic conditions. 
